Abstract-A new reliability measure is introduced. The measure takes into account service degradations once the network is disconnected. A network retailer can use this measure to choose an optimal set of paths such that the desired compromise between cost and reliability is achieved.
I. INTRODUCTION

W
E CONSIDER a business model whereby a telecommunication network wholesaler leases out end-to-end legal paths. Legal paths are predefined end-to-end routes between origin and destination (OD) pairs. Typically, a legal path would be a lightpath in a wavelength-division multiplexing (WDM) [1] optical network. It can also be an end-to-end connection in a circuit-switching network, or a virtual channel/path connection in an ATM network [2] .
The retailer hires a set of legal paths to establish a survivable virtual network and to provide its customers with broadband services. The end-to-end traffic demands of the retailer's customers, the revenue associated with these demands, details of quality of service (QoS) requirements, including service level agreements (SLA) [3] , and the cost of each legal path set (LPS) are given.
In this paper, we aim to optimize the operation of the retailer. In particular, we provide a measure for network reliability [4] as a function of an LPS, end-to-end traffic demands and their associated revenues. Having such a measure and knowing the cost of each LPS, the retailer is able to choose the right LPS based on the SLAs it has with its customers.
II. PROBLEM FORMULATION
Let
be the graph representing a wholesaler's carrier network, where is the set of nodes and is the set of physical links. Furthermore, let be the graph representing a retailer's virtual network, where is the set of nodes (
) and is the set of logical links in this virtual
network. An LPS is said to create a virtual network called if all the end nodes in the LPS are the nodes of , and the links in are defined by the end-to-end paths in the LPS, i.e., the endpoints of each link in corresponds to the endpoints of an end-to-end path in the LPS.
Let [5] , [6] of the retailer's network , as a function of , is defined by (1) where is the probability that all the links in are working and all the links in that are not in are failed. This previously proposed reliability measure was only defined for elements of the set , i.e., cases where the retailer's network is fully connected. In this letter, we consider also the elements of , namely, cases in which the retailer's virtual network is only partially connected. This is important because the penalty related to different disconnectivity scenarios is often different. That is, different elements in can correspond to different penalties. Here, we propose a new reliability measure that takes into account the different cost of service degradation related to different scenarios once the network is disconnected. We associate a reward value with every working subset and legal path set to quantify the service degradation effect. If , i.e., retailer's network is fully connected, the reward value is designated by , otherwise, the reward value is . The latter indicates monetary implication of service degradation for each legal path set and working subset . The new network reliability measure for , as a function of , is then defined by This new reliability measure can be used to choose an optimal legal path set for a retailer's virtual network. The optimal decision can be achieved by two alternative optimizations. One is maximizing reliability under budgetary constraint, and the other is minimizing cost under reliability constraint.
III. ILLUSTRATIVE EXAMPLE
A simple network topology, shown in Fig. 1(a) , is used to illustrate the idea proposed in this paper. Note that, in this example, wholesaler's network and retailer's network have the same topology. In practice, they may be different depending on the retailer's traffic demand. The reliability measure, proposed in this paper, can be used in the same way. Fig. 1(b) shows all of the two legal paths between OD pair (1,2). One path traverses link (1,2), another path uses both link (1,3) and link (2,3). There are total 6 legal paths between the three OD pairs (1,2), (2,3) and (1, 3) . The combination of these 6 legal paths can lead to 27 different possible legal path sets to create the above retailer's network . These 27 legal path sets is noted as from LPS 1 to LPS 27. The numbering of these LPS's could be arbitrary, however in this example we number them in descending order of their reliability measure values, as shown in Fig. 4 (with ) in Section IV. Some of the possible legal path sets are shown in Fig. 2 .
For , there are eight working subsets corresponding to cases when one or more links fail. Fig. 3 shows some of the working subsets of . For example, in working subset , shown in Fig. 3(b), link (1,3) , and link (2,3) are working while link (1,2) fails. In such a case, those paths that use link (1,2) also fail. Based on working subset , LPS 7 in Fig. 2(b) keeps the retailer's network fully connected. While LPS 2 in Fig. 2(a)  only keeps OD pairs (1,3) and (2,3) connected, thus the retailer's network is only partially connected using LPS 2. We assume that all link failures are statistically independent, each with probability . In this example, we set . If is the number of working links in , and is the number of total links in , then
As an example, let us define the reward value using Connection Importance Level (CIL) of each OD pair in . CIL can be quantified by QoS requirements and/or traffic load between OD pair. For the given example network, we assume for OD pairs {(1,2), (1,3), (2,3)}, respectively. For each legal path set and working subset , let of pairs remain connected by based on of all pairs Then for , we define as below (4) For , equals 1 by using the same definition as (4) .
Furthermore, we assume that the cost of each legal path set is proportional to the number of physical links it uses. Fig. 4 shows values of the new reliability measure for each of the 27 legal path sets, using as the parameter introduced in (4). For comparison, the value of the old reliability measure is also shown in Fig. 4 .
IV. RESULTS AND DISCUSSION
Note that, the new reliability measure, defined in (2) includes two parts. The first part is related to full connectivity, and the second part is related to partial connectivity. In this sense, the reward values of and also serve as scaling factors between these two parts of the definition. In this example, we change to adjust the weight of the second part in the new reliability measure. With increase, the value of decreases, the new reliability measure approaches the measure of full connectivity, i.e., the old reliability value. The choice of appropriate and depends on the customer's requirements, i.e., to what extent the customer would suffer from partial connectivity. Fig. 4 also shows that for the given example, some LPS's have a higher sensitivity to reward function than others. It can be seen in Fig. 4 that for different value of ( i.e., ), the reliability associated to LPS 12 changes much rapidly than that of LPS 7. This sensitivity depends on the topology of and and the definition of reward value, the latter relates to the retailer's QoS requirements. Fig. 5 shows the reliability measure and the cost value for each of the 27 legal path sets, where LPS numbers are sorted by descending cost value. Based on Fig. 5 , the final optimal decision can be achieved. For example, given a reliability constraint, say 0.96, LPS 2 (or LPS 3) in Fig. 2(a) has the minimum cost of 7. On the other hand, given a cost restraint, say 5, LPS 4 in Fig. 2(d) achieves the maximum reliability of 0.9486. Fig. 5 shows that in the old reliability measure LPS 10 has the same reliability value and cost value as LPS 4. In Fig. 2(d) , there are two separate paths between OD pair (2,3) and only one path between each of the other two OD pairs. So, connection between OD pair (2,3) is more reliable than others. While in Fig. 2(e) , it shows that connection between OD pair (1,2) is more reliable. In our example, we have assumed that OD pair (2,3) has a higher connection importance level than OD pair (1,2). As a result, the new reliability measure shows that the virtual network created by LPS 4 is more reliable than the one created by LPS 10 under the given connection importance level, which may be quantified using the customer's QoS requirements and the relevant SLA's. This is an important point taken into consideration by the new reliability measure.
Note that the aim of this paper has been to point out the effect of considering further service degradation in the case of disconnected network. The problem of finding an optimal algorithm to compute the measure and its related complexity issues are beyond the scope of this paper.
V. CONCLUSIONS
In this letter we have proposed a new reliability measure for telecommunication networks. The concept of reward function referring to fully and partially connected networks is introduced to take into account different service degradation effects once the network is disconnected. We have provided a simple example to demonstrate the usefulness of the new reliability measure and the sensitivity of the legal path set to the definition of the reward function and the network topology.
